A long-standing hypothesis posits that a G protein-coupled signaling pathway mediates β-adrenergic nervous system functions, including learning and memory. Here we report that memory retrieval (reactivation) induces the activation of β 1 -adrenergic β-arrestin signaling in the brain, which stimulates ERK signaling and protein synthesis, leading to postreactivation memory restabilization. β-Arrestin2-deficient mice exhibit impaired memory reconsolidation in object recognition, Morris water maze, and cocaine-conditioned place preference paradigms. Postreactivation blockade of both brain β-adrenergic Gs protein-and β-arrestindependent pathways disrupts memory reconsolidation. Unexpectedly, selective blockade of the Gs/cAMP/PKA signaling but not the β-arrestin/ERK signaling by the biased β-adrenergic ligands does not inhibit reconsolidation. Moreover, the expression of β-arrestin2 in the entorhinal cortex of β-arrestin 2-deficient mice rescues β 1 -adrenergic ERK signaling and reconsolidation in a G protein pathway-independent manner. We demonstrate that β-arrestinbiased signaling regulates memory reconsolidation and reveal the potential for β-arrestin-biased ligands in the treatment of memoryrelated disorders.
A longside classical G protein pathways, activation of G proteincoupled receptors (GPCRs) stimulates β-arrestin-dependent signaling, leading to ERK phosphorylation and other downstream events (1, 2) . Biased agonists, which induce functionally selective or biased receptor states and, thus, selectively activate one of the signaling pathways, have recently been identified for several GPCRs (3) . Biased receptor agonism offers theoretical guidance for the discovery of a new generation of GPCRtargeted drugs with greater efficacy but fewer adverse effects. However, the lack of knowledge about the signaling pathways specifically eliciting a beneficial effect is a major obstacle in the understanding of disease mechanisms and the development of biased drugs targeting most GPCRs, especially those expressed in the central nervous system (CNS) with psychiatric importance.
Besides their important roles in the cardiovascular and pulmonary systems, β-adrenergic receptors (β-ARs) are critically involved in CNS functions such as arousal, cognition, and stressrelated behaviors (4, 5) . β-Adrenergic neuronal signaling is important for neuroplasticity, including long-term potentiation (6) and memory formation (7) . Accumulating cell biological evidence suggests that β-ARs also signal via G protein-independent, β-arrestin-dependent pathways (8) (9) (10) . However, functions of β-AR in the CNS have been primarily ascribed to their classical role of stimulating Gs protein. The differential neurophysiological consequences for the G protein-and β-arrestin-dependent pathways, if any, have not been delineated.
A longstanding hypothesis posits that a β-AR/Gs/protein kinase A (PKA) signaling pathway mediates memory reconsolidation (11) (12) (13) , a process that strengthens, updates, or erases a previously acquired memory after recall (memory reactivation).
This hypothesis is largely based on observations that β-ARs and molecules in the classical GPCR signaling pathway-such as cAMP (cAMP), PKA, and cAMP response element-binding protein (CREB)-are required for reconsolidation, which was determined by using receptor antagonists, kinase inhibitors, or gene knockout mice (11, 14, 15) . Most of these molecules are also required for basal neural activity or plasticity, and there has been no direct evidence demonstrating that the function of β-ARs in reconsolidation is mediated by G protein/PKA or other signaling pathway (12) . In the current study, we tested the potential involvement of G protein/cAMP/PKA-dependent pathway versus β-arrestin-dependent signaling in memory reconsolidation by using object recognition paradigm.
Results

Reconsolidation of Object Recognition Memory Is Mediated by a Gs
Protein-Independent β 1 -AR Signaling Pathway. Mice tend to explore a novel object more than the familiar one, and this preference reflects the use of recognition memory (16) . In the reconsolidation of object recognition memory (ORM) test, mice were first trained to recognize object A and object B (Fig. S1A) , and 24 h after reexposure to the two objects to retrieve/reactivate ORM acquired in the training session, they were subjected to memory retention (reconsolidation) test. During the 5-min memory test, mice were allowed to explore a novel object (object C) and a familiar object (object A). The time spent exploring each object was recorded (Fig. S1 A-G) and the animal's preference for Significance β-Adrenergic receptors (β-ARs) are hormone and neurotransmitter receptors. The data we present in this paper challenge the assumption that memory reconsolidation is governed by the traditional β-AR/G protein signaling pathway. We found that memory reconsolidation is mediated by a β-arrestin-dependent β-adrenergic signaling pathway. Our experiments demonstrate that upon memory retrieval, a β1-AR/β-arrestin2/ERK pathway is activated in distinct brain areas, stimulating de novo protein synthesis and inducing postretrieval memory restabilization. Moreover, memory reconsolidation can be disrupted by propranolol, but not biased β-blockers such as carvedilol and alprenolol. Our study thus demonstrates that memory reconsolidation is mediated by a β-arrestin-biased β-adrenergic signaling pathway and reveals the therapeutic potential for β-arrestinbiased ligands in the treatment of memory-related disorders.
object C over object A was designated as preference index and compared with those for object B over object A determined during memory reactivation process. We first examined the effect of antagonist treatment given immediately (within 2 min) after memory reactivation on ORM reconsolidation (Fig. 1A) . Two-way repeated measures (RM) ANOVA indicates a drug treatment by session test interaction [F treatment (4, 93) = 15.082, P < 0.001, F session (1, 93) = 80.298, P < 0.001, F treatment × session (4, 93) = 13.051, P < 0.001, two-way RM ANOVA]. During the memory retention test, C57BL/6 mice treated with vehicle immediately after reexposed to objects A and B (memory reactivation) exhibited a preferential exploration for object C versus object A, indicating a normal object recognition memory, whereas mice i.p. administrated propranolol (a nonselective blocker of β-AR) or betaxolol (a selective β1-AR antagonist) after memory reactivation did not (Bonferroni's post hoc comparison, Fig. 1A and Fig. S1 B, H, and I). Moreover, ORM reconsolidation could not be blocked by i.p. administration of nadolol, a blood-brain barrier-impermeable β-blocker (Fig. S1M) or β 2 -AR-selective antagonist ICI 118, 551 (Fig. 1A and Fig. S1J ). These data suggest the critical involvement of brain β 1 adrenergic signaling in ORM reconsolidation.
Unexpectedly, in contrast to the strong inhibitory effect of propranolol and betaxolol, postreactivation i.p. administration of the biased β-AR ligand carvedilol, an antagonist of the G protein pathway and a weak agonist of β-arrestin-dependent ERK signaling (8, 9) , failed to block ORM reconsolidation ( Fig. 1A and Fig. S1K ). Intracerebroventricular (i.c.v.) injection of carvedilol immediately after memory reactivation also failed to inhibit ORM reconsolidation, whereas the combined pretreatment of betaxolol and carvedilol impaired ORM reconsolidation [ Fig. 1B , F treatment (1, 29) = 3.691, P = 0.065, F session (1, 29) = 32.048, P < 0.001, F treatment × session (1, 29) = 13.220, P = 0.001, two-way RM ANOVA]. The analysis of total time spent exploring each object confirmed the above results ( Fig. S1 B and C) . These data argue that the β-AR/β-arrestin signaling, but not the β-AR/Gs-protein signaling, is required for ORM reconsolidation.
To confirm that the Gs/cAMP/PKA pathway in the brain was selectively blocked by carvedilol administered via i.p. and i.c.v. injection during ORM reconsolidation, the level of cAMP and the activation of PKA and ERKs in the entorhinal cortex (Enc), a brain region critically involved in ORM, were determined. Upon memory reactivation, cAMP level in the Enc of C57BL/6 mice was increased and reached peak value at ∼5 min after memory reactivation (Fig. S2A ). Administration of carvedilol via i.p. or i.c.v. abolished memory reactivation-induced cAMP accumulation and PKA activation ( We next explored the possible involvement of β-arrestin/ERKdependent signaling. In the long-term memory test after memory reactivation, the performance of wild-type C57BL/6 (Arrb2 +/+ and Arrb2 −/− mice could form consolidated memory 24 h after training (Fig. S3D ). These data suggest that β-arrestin2, like (Table S1 ). No impairment of ORM reconsolidation was found in β-arrestin1 knockout (Arrb1 −/− ) mice, suggesting β-arrestin1 is not critically involved in ORM reconsolidation (Fig. S3 E-G) .
The role of β-arrestin2 in reconsolidation of spatial memory was tested in the Morris water maze task. Arrb2
−/− mice performed comparably to Arrb2 +/+ mice in cued or spatial training ( Fig. S4 A and B) . Two probe trials were sequentially carried out after mice learned to find the hidden platform ( Fig. 2 E and F) . To avoid possible memory extinction, a short probe trial of 60 s was used as memory reactivation session, which has been shown by other groups to cause no extinction (17) (18) (19) . The first probe test was carried out 1 d after spatial training, and both Arrb2 −/− mice was found in the second probe test, indicating that β-arrestin2 is required for the reconsolidation of hippocampus-dependent spatial memory.
Memory Reactivation Triggers β-Arrestin2-Mediated β-AR-ERK
Translational Signaling. The activation of ERK cascade, a major target of β-arrestin-dependent signaling, was tested. Reactivation of ORM induced a time-dependent increase of ERK phosphorylation in the Enc of Arrb2 +/+ mice (Fig. S5A ), which could be further enhanced by carvedilol treatment [ Fig. 3A and Fig. S5B , F treatment × session (5, 86) = 7.935, P < 0.001, two-way ANOVA]. The peak of ERK activation was detected 15 min after memory reactivation in the Enc, but not the ventral hippocampus or cerebellum in Arrb2 +/+ mice ( Fig. S5 A and C) . Postreactivation inhibition of ERK activation in the brain by U0126 blocked ORM reconsolidation (Fig. S5D) . The increase in phosphorylation of ERK in Enc neurons induced by memory reactivation could be abolished by postreactivation administration of propranolol or betaxolol, or ablation of β-arrestin2 [ −/− mice, and this increase could be suppressed by pretreatment of betaxolol (Fig. S5G) .
Previous studies have shown that reconsolidation of spatial and fear memories requires postreactivation neurotransmission and de novo protein synthesis (20, 21) , and that the binding of β-arrestin-biased ligand with AT1R stimulates ERK-dependent protein translation in HEK293 cells (22, 23) . As shown in Fig. 3 C, E, and F, increased phosphorylation of 90-kDa ribosomal S6 kinase (p90-RSK) and eukaryotic translation initiation factor 4B (eIF4B), downstream targets of ERKs and key regulators of protein synthesis, was observed in the Enc of Arrb2 +/+ mice after ORM reactivation [Fig. 3E , F genotype × treatment × session (1, 36) = 11.109, P = 0.003; Fig. 3F , F genotype × treatment × session (1, 36) = 12.55, P = 0.001, three-way ANOVA]. In contrast, no increase in phosphorylation of ERK1/2, p90-RSK, or eIF4B was observed in 
Arrb2
−/− mice, or mice treated with betaxolol after reactivation (Fig. 3 C-F) . These data suggest that memory recall stimulates β 1 -AR/β-arrestin/ERK-mediated de novo protein synthesis, which could positively regulate memory reconsolidation. The physiological consequence of β-arrestin-biased β 1 -AR signaling was investigated. Local viral expression of β-arrestin2/ GFP, but not the control protein β-galactosidase/GFP, in the Enc of Arrb2 −/− mice rescued the ORM reconsolidation phenotype [ Fig. 4A , F genotype (1, 64) = 5.186, P = 0.026; F viral construct (1, 64) = 2.126, P = 0.150; F session (1, 64) = 55.898, P < 0.001; F genotype × viral construct × session (1, 64) = 12.642, P < 0.001, threeway ANOVA]. The number of β-arrestin2/GFP-expressing neurons in the Enc of these mice was positively correlated with ORM reconsolidation (Fig. 4B and Fig. S6A ). Expressing β-arrestin2 in the Enc of Arrb2 −/− mice restored β-AR-mediated ERK activation in infected neurons [ Fig. 4C and Fig. S6B , (Fig. S6C) . Similar to the results obtained with the wild-type C57BL/6 mice ( Fig. 1 B and F) , betaxolol plus carvedilol, but not carvedilol treatment alone showed a significant inhibition on memory reconsolidation in Arrb2 −/− mice infected with AAV-Arr2 (Fig.  S6D) . These results indicate that the β-arrestin/ERK-biased β 1 -AR signaling, but not the conventional β-adrenergic Gs/cAMP/ PKA signaling in the Enc mediates reconsolidation of ORM.
Combining memory reactivation with the pharmacological disruption of reconsolidation was recently proposed as a strategy to treat drug addiction and fear-related disorders, including posttraumatic stress disorder; however, the distinct receptormediated signaling pathway responsible for reconsolidation has not been identified. We hypothesized that β-arrestin-biased, and not Gs protein-mediated signaling, also underlies reconsolidation of drug-conditioned place preference (CPP) and conditioned fear memories, and possibly other types of memories. Consistent with the results of ORM, Arrb2 −/− mice showed reduced preference for the drug-paired chamber 1 d after reactivation of a cocaineassociated memory [ Fig. 4E , Left, F genotype × session (1, 33) = 6.028, P = 0.020, two-way RM ANOVA]. The reconsolidation of cocaine-related memory was disrupted by postreactivation injection of propranolol, but not carvedilol [ Fig. 4E , Right, F treatment × session (2, 70) = 6.820, P = 0.003, two-way RM ANOVA]. The involvement of β-arrestin-biased signaling was also shown in conditioned fear memory model. During training phase, the freezing levels before and right after footshock were not different between Arrb2 +/+ and Arrb2 −/− mice (Fig. S6E ). In the memory retention test, propranolol and betaxolol inhibited, whereas carvedilol and alprenolol enhanced, freezing behavior when memory retention was tested 1 d after reexposure to the context, in which a one-trial fear training was given [ Fig. 4F , F treatment × session (4, 68) = 17.249, P < 0.001, two-way RM ANOVA].
Discussion
Consolidated memories are transiently destabilized upon reactivation, and subsequently restabilized through reconsolidation, an active, de novo protein synthesis-dependent process (21, 24, 25) . Studies have shown that blocking β-adrenergic transmission by propranolol impairs memory reconsolidation in auditory fear conditioning, spatial radial maze, and cocaine-induced CPP (12, (26) (27) (28) (29) (30) ; inhibition of basal and stimulated activities of certain components of G protein-coupled pathways associated with neuroplasticity, such as PKA, ERK, and CREB, disrupts reconsolidation of fear and object recognition memories (31) (32) (33) (34) . In cocaine-associated reward memory task, bilateral intraamygdalar infusions of the PKA inhibitor Rp-cAMPS following light/tone stimulus reactivation decreases subsequent cue-induced 
(B-F) Arrb2
+/+ and Arrb2 −/− mice were treated with β-blocker or vehicle immediately after ORM reactivation, and brain samples were collected 15 min later for analysis of phosphorylation status. (B) Postreactivation injection of Prop (10 mg/kg, i.p.) and ablation of β-arrestin2 inhibited reactivation-induced increase in phosphorylated ERK (pERK)/NeuN doublepositive cell counts in the Enc (n = 5-7 mice per group). ***P < 0.001 vs. no RA control (Ctrl). (C-F) Postreactivation injection of Bet (1.0 mg/kg, i.p) and ablation of β-arrestin2 inhibited reactivation-induced increase of phosphorylation of ERK (pERK, n = 5-6 per group), phosphorylation of ribosomal S6 kinase (pRSK, n = 5-6 per group), and phosphorylation of eukaryotic translation initiation factor 4B (peIF4B, n = 5-6 per group) in the Enc. ***P < 0.001 vs. Ctrl.
reward memory reconsolidation (35) . Activation of amygdalar PKA is sufficient to enhance memory only when it is retrieved; in contrast, PKA inhibition impaired reconsolidation (11) . Although it has also been reported that memory reconsolidation requires protein synthesis but not PKA activation 24 h after training (36) , the classical G protein/cAMP/PKA signaling pathway has been proposed to mediate the function of β-ARs in memory (6) , and the signaling pathways leading to protein synthesis and memory restabilization are not clear. In this study, we showed that upon reactivation of a particular memory trace, β 1 -AR/β-arrestin2/ERK signaling and downstream effectors involved in protein translation, such as p90RSK and eIF4B (9, 37) , are activated in a distinct brain area. We found that this pathway, but not the conventional Gs protein-coupled PKA pathway, mediates memory reconsolidation, revealing an unexpected role of β-arrestin-biased signaling in brain physiology. Our data suggest that memory reactivationtriggered β 1 -AR/β-arrestin2/ERK signaling positively regulates postreactivation protein synthesis and memory restabilization. Our data showed that in parallel to β-arrestin-dependent ERK activation, reactivation of ORM induced an increase of cAMP production and PKA activation in the Enc; however, selective blockade of β-AR-mediated Gs/PKA signaling by G proteinbiased β-AR antagonist failed to inhibit ORM reconsolidation. The physiological consequence of memory reactivation-stimulated neuronal β-AR/G protein signaling remains to be investigated.
The signaling pathways that mediate or regulate memory reconsolidation are therefore potential pharmacological targets for memory enhancement or erasure. It has been reported earlier that in HEK293 cells stably expressing β-AR, carvedilol and alprenolol can stimulate ERK1/2, but have inverse efficacy for Gs-dependent adenylyl cyclase activation (8, 9) . Consistently, our results showed that carvedilol enhanced memory reactivationinduced ERK activation and inhibited cAMP accumulation and PKA activation in the brain. Our results suggest that β-arrestindependent adrenergic signaling regulates postreactivation memory retention, which implicates that agents up-regulating this pathway may improve memory.
In therapeutic contexts, disrupting the process of reconsolidation could change or erase pathophysiological memories (28, 30, 38) . Blockade of β-AR signaling disrupts reconsolidation of memory for learned behaviors. In human and clinical studies, administration of propranolol before memory reactivation suppresses the behavioral expression of the fear memory (39) , and postreactivation treatment reduces symptoms of posttraumatic stress disorder (40, 41) . In animal studies, propranolol has been shown to inhibit reconsolidation of cocaine-and morphine-conditioned place preference (27, 42) . Postreactivation propranolol administration also attenuates reconsolidation of memories for craving and cue reactivity in cocaine addicts and abstinent heroin addicts (31, 43) . Previous studies have shown that Arrb2 −/− mice respond well to cocaine in CPP (44) , but not to amphetamineinduced locomotor activity, compared with wild-type mice (45) . In this study, we show that Arrb2 −/− mice could acquire cocaine CPP, but exhibit impaired reconsolidation of CPP. Moreover, propranolol, but not carvedilol inhibits reconsolidation of CPP and conditioned fear memory. The proposal that the function of β-AR in reconsolidation is regulated by β-arrestin/ERK signaling, not the conventional Gs protein/PKA pathway, suggests that β-AR/β-arrestin pathway may be an effective target of β-blockers in pharmacological intervention of memory reconsolidation. To our knowledge, β-arrestin-biased β-AR antagonist has not been reported. Our results highlight a need to develop novel β-blockers with specific β-arrestin-biased antagonism, which may produce fewer side effects than antagonists against both the G protein-and β-arrestin-dependent pathway for the treatment of posttraumatic stress disorder and drug addiction. In addition, β-blockers are routinely used to treat hypertension and heart failure. Consistent with the report that β-blockers can aggravate memory loss in cognitively impaired elderly patients and cause clinically significant side effects (46) , our data suggest that chronic use of β-blockers that antagonize both G protein and β-arrestin signaling and are capable of penetrating the bloodbrain barrier may have secondary effects on cognitive processes.
Materials and Methods
Object Recognition Memory Task. Mice were submitted to a 30-min familiarization session daily in the empty arena for 3 d. In the extensive training session, mice were exposed to Object A and Object B for 4 blocks of two 5-min trials, with 60-min interval between blocks and 15-min interval between trials. In the memory reactivation session, mice were reexposed to Object A and Object B for 5 min 24 h after training to reactivate the memory trace. To test reconsolidation of memory for objects A and B, a 5-min memory retention test was carried out 1 h, 3 h, 24 h, or 6 d after reactivation by presenting mice with a duplicate of Object A and a novel object (Object C) in the same location of Object B.
Additional Methods. The memory tasks, cannula implantation and drug delivery, Western blotting, cAMP assay, PKA activity assay, immunohistochemistry, viral constructs, and microinjection methods are described in SI Materials and Methods.
